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Role of σ exchange in the γp→ φp process and scaling with the f1 axial vector meson
from a Reggeized model
Byung-Geel Yu,∗ Hungchong Kim, and Kook-Jin Kong†
Research Institute of Basic Science, Korea Aerospace University, Goyang, 412-791, Korea
We investigate the role driven by the scalar meson σ exchange in the photoproduction of the
vector meson φ(1020) off a proton by using a Reggeized model. Based on the pi0(135) + σ(500) +
f2(1270)+Pomeron exchanges, we demonstrate that the σ exchange plays the role to reproduce the
bump structure at the forward angle in the differential cross section as well as the peaking behavior in
the total cross section observed in the CLAS Collaboration. We also discuss the possible observation
of the scaled cross section s7dσ/dt at the production angle θ = 90◦ from the CLAS data. It is found
that the axial vector meson f1(1285) exchange with the trajectory αf1(t) = 0.028 t+0.9±0.2 arising
from the axial anomaly of the QCD vacuum plays the role to clarify the scaling up to 5 GeV.
PACS numbers: 11.55.Jy, 13.40.-f, 13.60.Le
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Photoproduction of the neutral vector meson has been
an important tool to explore QCD dynamics via the
hadronic process. Especially, the diffractive feature of the
reaction process showing at high energies has drawn at-
tention for decades, and such a nonmesonic t-channel pe-
ripheral process is, to date, materialized by the Pomeron
exchange [1].
Among the light vector mesons, the φ meson photo-
production off the proton target is special because the
physical φ meson is a pure |ss¯〉 state, whereas such a
strange-quark content is hidden in the sea of the tar-
get proton. Therefore, in contrast to the cases of ρ0
and ω, little contribution is expected from meson and
baryon exchanges to the φ meson photoproduction. In
Ref. [2], one can find more discussion on how to evaluate
the strangeness component in the proton contributing to
the reaction process.
In this respect, the results of the recent experiments
by the LEPS [3] and CLAS [4] Collaborations are in-
teresting because a bump structure is observed in the
differential cross section dσ/dt around Eγ ≈ 2 GeV (see
Fig. 3), which cannot be expected from the monotonic
behavior of the simple Pomeron-exchange model. More-
over, as the author pointed out in Ref. [5], such a bump
structure gradually disappears as the scattering angle in-
creases from the forward to the mid-angle θ ≈ 90◦. Of
course, one might immediately suspect the nondiffractive
subprocesses by the π and η exchanges in this region, but
their contributions are not enough to play the role. In
previous works on this issue, there were a few theoreti-
cal attempts to account for the appearance of the bump
structure by including a nucleon resonance [6], or the
K+Λ(1520) coupled channel [7, 8] on the basis of π, η,
and the Pomeron exchanges.
In this work, motivated by the issue still open yet, we
reexamine the γp → φp process with a focus on finding
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other possibilities to explain the bump structure near
threshold. Based on the well-established result in the
high energy realm where the Pomeron exchange provides
the diffraction in the t-channel and the exchange of the
tensor meson f2 gives the long-range contribution up to√
s ≈ 10 GeV, we here investigate the role of the scalar
σ exchange in addition to the π exchange for the de-
scription of the reaction process near the threshold. In
existing model calculations, the former exchange is usu-
ally excluded mainly because of the large uncertainty in
determining its coupling strength. Nevertheless, we re-
call that the role of the σ exchange is crucial to agree
with the peak of the total cross section observed in the
γp→ ρ0 p process [9]. Furthermore, from the well-known
aspect that the natural parity exchange would dominate
the process of vector meson photoproduction, it is desir-
able to consider the σ exchange in the presence of the π
exchange, in particular, in the low energy region.
With this in mind, we discuss the possibility of the
bump structure driven by the σ exchange in the γp→ φp
process. Differential and total cross sections are analyzed
for this purpose. Meanwhile, it is known that as the
reaction energy increases, the cross section for hadron
interactions shows the scaling as a manifestation of the
quark structure of the hadron [10]. In our previous study
on the γp → π0 p process, we discussed such an energy
independence of the cross section at the large transverse
momentum transfer or alternatively at the mid-angle
θ = 90◦ [11]. Likewise, we may well expect the scaling
in the scaled differential cross section, s7dσ/dt, for the
γp → φp process at the mid-angle in connection with
the recent CLAS data [4]. The scaled differential cross
section is composed of three parts: the resonance region
where the cross section is governed by hadronic degrees
of freedom, the scaling region in which quark and
gluon degrees of freedom are mainly involved, and the
transition region lying between them. Therefore, it will
be interesting to see at what energies the quark degrees
of freedom start to show up in the scaled differential
cross section.
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2The Reggeized amplitude for the γp→ φp process con-
sists of the Pomeron (P), f2, σ, and π exchanges which
are given by
M(γp→ φp) =MP +Mf2 +Mσ +Mpi , (1)
where
MP = 12i e βqβq
′
fφ
m2φ
m2φ − t
(
2µ20
2µ20 +m
2
φ − t
)
e−i
pi
2
[αP(t)−1]
(
s
4s0
)αP(t)−1
F1(t)u¯(p
′)(/kη∗ · ǫ− /ǫη∗ · k)u(p) , (2)
Mf2 = Γβργf2φ(k, q)Πβρ;λσ(Q)u¯(p′)Γλσf2NN (p′, p)u(p)Rf2(s, t) , (3)
Mσ = gγσφ
m0
gσNN (k · q η∗ · ǫ− ǫ · q η∗ · k) u¯(p′)u(p)Rσ(s, t) , (4)
Mpi = i gγpiφ
m0
gpiNNε
µναβǫµη
∗
νkαqβ u¯(p
′)γ5u(p)Rpi(s, t) , (5)
with the Regge propagator,
Rϕ(s, t) = πα
′
J × phase
Γ[αJ (t) + 1− J ] sin[παJ (t)]
(
s
s0
)αJ (t)−J
,(6)
written collectively for the ϕ meson of spin-J and s0 =
1 GeV2. The phase of the ϕ is, in general, taken to
be of the canonical form, 12 [(−1)J + e−ipiαJ (t)], unless
it is exchange-degenerate. Here, ǫ(k) and η∗(q) are the
photon and vector meson polarizations with the momenta
k and q, respectively. Here, u(p) and u(p′) are the spinors
for the initial and final protons with the momenta p and
p′, respectively. Here, Qµ = (q − k)µ is the t-channel
momentum-transfer.
The Pomeron exchange is expressed in terms of the
quark loop coupling in the γPφ vertex and PNN vertex
with the nucleon isoscalar form factor given by [12, 13]
F1(t) =
4M2 − 2.8t
(4M2 − t)(1 − t/0.7)2 . (7)
Since the Pomeron trajectory,
αP(t) = 0.25 t+ 1.08, (8)
as well as the physical quantities such as the decay con-
stant fφ = −13.4, quark couplings βu = βd = 2.07
GeV−1, βs = 1.60 GeV
−1, and µ20=1.1 GeV
2 for the
quark loop in the γPφ are fixed to fit to data at Eγ ≥ 10
GeV, we adopt these values without modification.
The tensor meson f2 exchange is expressed in terms of
the radiative coupling vertex given by [14]
Γβργf2φ(k, q) = 4
gγf2φ
m0
×(η · ǫ kβqρ + k · q ηβǫρ − η · k ǫβqρ − ǫ · q ηβkρ), (9)
and the tensor meson-baryon vertex,
Γλσf2NN (p
′, p) = u¯(p′)
[
2g
(1)
f2NN
M
(Pλγσ + P σγλ)
+
4g
(2)
f2NN
M2
PλP σ
]
u(p) (10)
TABLE I. Listed are the physical constants and Regge tra-
jectories with phase factors for γp → φp. Here, ϕ stands
for σ, pi, and f2 of masses mσ = 500, mpi = 134.9766,
and mf2 = 1275.1 MeV. For the coupling constants asso-
ciated with the f2NN coupling, we use g
(1)
f2NN
= 6.45 and
g
(2)
f2NN
= 0.
Meson Trajectory(αϕ) Phase factor gγϕφ gϕNN
σ 0.7(t −m2σ) (1 + e−ipiασ )/2 −0.085 14.6
pi 0.7(t −m2pi) e−ipiαpi 0.065 13.4
f2 0.9(t −m2f2) + 2 (1 + e−ipiαf2 )/2 0.0173 6.45; 0.0
with the spin-2 projection,
Πβρ;λσ(Q) =
1
2
(
g¯βλg¯ρσ + g¯βσg¯λρ
)− 1
3
g¯βρg¯λσ. (11)
Here g¯βρ = −gβρ + QβQρ
m2
f2
, Pµ = 12 (p
′ + p)µ, and M
is the nucleon mass, and m0 = 1 GeV. The coupling
constant gγf2φ = 0.0173 is determined from the partial
decay width Γf2→φγ = 1.3 keV [15] and the tensor meson-
nucleon coupling constants g
(1)
f2NN
= 6.45 and g
(2)
f2NN
= 0
are taken from Ref. [16].
For the determination of γσφ coupling, it is helpful
to consider the partial decay width Γφ→pipiγ . We as-
sume that the partial width Γφ→pi0pi0γ ≈ 0.48 keV in
the Particle Data Group (PDG) is mediated by the σ
meson and obtain gγσφ ≈ 0.031. On the other hand, we
note that Black et al. [17] predicted the partial width
Γφ→σγ = 33 keV based on the vector meson dominance
incorporated with the chiral effective Lagrangian. This
yields gγσφ ≈ 0.146 which is somewhat larger than the
naive evaluation from the ππγ decay width above. In the
present calculation, we take the value gγσφ = 0.085 which
lies in the middle of the two extremes. The value of the
σNN coupling constant in the literature is very scattered
and found to be in a wide range of 5 ∼ 17.9. We take
gσNN = 14.6 predicted by the QCD sum rule [18, 19]
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FIG. 1. Differential cross sections for γp → φp in the low
energy region. Left panels: The black solid and dashed lines
are the cross sections with and without σ exchange. Right
panels: The contribution of each meson exchange is shown.
The blue dash-dotted line is from pi exchange, black dash-
dotted line from σ exchange, magenta dash-dotted line from
f2, and red dotted line from the Pomeron exchange. Data
at
√
s = 2.105 and 2.365 GeV (red up triangle) are taken
from the charged mode [4] and at
√
s = 2.13 and 2.38 GeV
(blue down triangle) from the neutral mode [21] in the CLAS
Collaborations (left). The data in the right panel is from the
LEPS data [3].
which is within the range of values from the Nijmegen
soft-core NN potential model [20].
For the π exchange, we take the coupling constants
gpiNN=13.4 and gγpiφ = 0.065 from the width Γφ→piγ =
5.42 keV reported in the PDG. In this work, we choose
the phase of π exchange for a better agreement with data.
We summarize the coupling constants and Regge trajec-
tories with the phase factors in Table I. In the calculation,
the η exchange as well as the scalar mesons f0 and a0,
axial meson a1, and tensor meson a2 are neglected for
simplicity because they appear in a minor role.
In Fig. 1, we present the differential cross sections
for the γp→ φp process resulting from the coupling con-
stants and phases in Table I. The role of the σ exchange is
illustrated in the CLAS data, and the contribution from
each meson exchange is shown in the LEPS data.
Figure 2 shows the energy dependence of the cross sec-
tion from threshold up to the realm of the Pomeron ex-
change. The data points near the threshold are obtained
by integrating out the data on the differential cross sec-
tions of Ref. [4]. As shown in the figure, there exists
an inconsistency of the old measurements [22, 23] with
the recent CLAS experiment [4]. Our result with the σ
exchange as indicated by the black solid line agrees with
the CLAS data, whereas the result without it favors the
old data as depicted by the black dashed line. Thus, the
cross section in the presence of the σ exchange shows the
feature quite contrasting to most existing models. In-
deed, in our model, the σ exchange is dominant near the
threshold and, thus, plays the nontrivial role to make the
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FIG. 2. Total cross section for γp → φp from threshold to√
s = 100 GeV. Data are taken from Refs. [4, 22–28], where
the data points named as Dey 14 are obtained by integrat-
ing over the differential cross sections given in Ref. [4]. Our
model favors the CLAS data [4] and data of Ref. [28] as well.
Notations for the curves are the same as in Fig. 1.
small peak around
√
s ≃ 2.2 GeV.
The role of the σ exchange in the peaking behavior
of the cross section can be seen in other observables as
well. Figure 3 shows the dependence of the differential
cross section on the invariant energy
√
s at two different
angles of φ production in the c. m. frame. Without
the σ exchange, the differential cross section in Fig. 3
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FIG. 3. Energy dependence of the differential cross sections
for γp → φp at the production angles θ = 22.33◦ (a) and
θ = 90◦ (b) in the c. m. frame. The prediction of the present
model given by the solid line in (a) shows the role of the
σ exchange in the observed peak at
√
s ≃ 2.2 GeV at the
forward angle in comparison to the black dashed line without
the σ exchange. In (b), we show the dependence of the cross
section on the phase of the Regge pole at the angle θ = 90◦.
The blue dotted line results from the σ, pi, and f2 with all
canonical phases chosen. The solid and dashed lines are with
and without the σ exchange, respectively, while the complex
phase is taken for the pi exchange. Data are from Ref. [5].
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FIG. 4. Scaled differential cross sections s7 dσ
dt
(107 GeV12nb)
for γp → φp. The dotted and dashed lines result from the
calculation with and without the σ exchange, respectively, to
exhibit its role crucial to form the bump at
√
s ≃ 2.5 with
the rapid drop following before scaling begins. The solid and
dotted lines are from with and without f1 in addition to the
σ exchange to show that its role is substantial to manifest the
scaling from
√
s ≃ 3 to about 5 GeV. Here, gγf1φ = 0.18, the
nucleon axial charge mA = 1.08 GeV, and αf1(0) = 0.9. The
contributions of the relevant meson exchanges are denoted in
the figure legends. Data points at θ = 90◦ are obtained from
Ref. [5].
(a) describes nothing but the behavior passing through
the average value of data in the given energy range as
shown by the dashed line. In Fig. 3(b), we illustrate the
dependence of the differential cross section on the phases
of the Regge poles σ, π, and f2 at θ = 90
◦. It should be
noted that the cross section with the canonical phases,
(1 + e−ipiα)/2 for the σ and f2, and the complex phase,
e−ipiαpi for the π exchange, agrees with the experimental
data, whereas the result with the canonical phases for all
the mesons shows considerable disagreement.
Finally, let us discuss the possibility of observing the
scaling in the present process at the mid-angle. Brod-
sky et al. [10] predicted that the photoproduction cross
section obeys the power-law scaling, i.e.,
sn−2
dσ
dt
∼ F (t0/s) , (12)
for fixed t0 based on the quark-counting rule. Here,
n = 9 is the number of constituents (gauge boson plus
the quarks) participating in the γp → φp process. The
measured cross section is thus expected to exhibit such a
scaling behavior as s7dσ/dt ∼ constant at the fixed angle
around θ = 90◦ (or fixed t0) as energy increases.
Shown in Fig. 4 is the scaled differential cross sec-
tion for γp → φp. The data showed the bump struc-
ture around
√
s ≃ 2.5 GeV with a rapid drop following.
Two important points should be indicated in advance:
the formation of the bump by the σ exchange before√
s ≃ 3 GeV and the manifestation of the nonzero scaling
by the f1 exchange above 3 GeV. From the dotted and
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FIG. 5. Role of f1 in the differential cross sections
dσ
dt
at high
energies. Solid and dotted lines are the calculation with and
without f1 exchange, respectively. The dashed line shows the
contribution of the f1 exchange. The role of f1 is apparent
in the large −t with αf1(0) = 0.9 with to respect Ref. [29].
Data are from Refs. [24, 31].
dashed lines for the scaled cross sections with and with-
out the σ exchange, the role of the σ exchange is crucial
to drive such a bump structure with the nodes around√
s ≃ 2.3 and 3.3 GeV which are given by the vanishing
of the canonical phase, i.e., 1+ e−ipiασ(t) = 0, and hence,
ασ(t) = −1, −3, and so on. Nevertheless, the scaled cross
section from the exchanges of σ+π+f2+P approaches a
vanishing limit, and the energy independence of the cross
section is not clear as shown by the dotted line.
In order for the scaled cross section to manifest itself
as being a nonzero constant over the high energy region,
interactions from the quark-gluon dynamics are expected
to contribute.
In Ref. [29], a new trajectory αf1(t) = 0.028 t+ (0.9±
0.2) is suggested for the axial vector meson f1(1285) of
1++ by relating the properties of f1 with the two-gluon
exchange via the axial anomaly of the QCD vacuum. By
considering the role of the f1 peculiar to the large −t and
energy, we calculate the contribution of the f1 exchange
with its role expected in a larger −t, i.e., a wider range of
the angle, as the energy increases. Over the region
√
s ≃
3 GeV, we obtain the scaling apparent to sustain the
energy independence up to 5 GeV due to the f1 exchange
which is given by [29]
Mf1 = i
gγf1φ
m20
m2φǫµναβk
µηνǫα
(−gβλ +QβQλ/m2f1)
×
(
1
1− t/m2A
)2
gf1NNu(p
′)γλγ5u(p)Rf1(s, t). (13)
We use the canonical phase (−1 + e−ipiαf1 (t))/2 and the
trajectory αf1 (t) = 0.028 t+0.9 which is within the range
of the intercept given in Ref. [29]. The cutoff mass
mA = 1.08 GeV is chosen for the nucleon axial form
factor [30] with gf1NN = 2.5, and gγf1φ = 0.18 taken
from the decay width Γf1→φγ = 0.019 MeV reported in
the PDG. In practice, the physical quantities are applied
to the differential cross section in parallel with the scaled
5cross section to cross-check the validity of those quanti-
ties for both observables. The size of the cross section
s7dσ/dt ≈ 0.1 [107 GeV12nb] thus determined is consis-
tent with the differential cross sections as shown in Fig.
5. It should also be remarked that the contribution of
the f1 exchange is insignificant to other observables and
could not alter much the results we have shown above.
The limitation of the Regge trajectory on such a large
angle as discussed in Ref. [11] is extended by the inclusion
of the f1 exchange, and our results show some evidence
of the special role of the f1 axial meson as advertised in
Ref. [29]. Such a scaling obtained by the f1 meson ex-
change in this photoproduction of φ is quite in contrast
with the scaling-violating oscillatory behavior seen in the
proton-proton elastic scattering at a fixed angle [32]. In
this sense, it is anticipated from future experiments to see
whether the scaling persists in photoproduction of the φ
vector meson. We hope that there should be a measure-
ment in the region above 2.8 GeV in future experiments.
It is interesting to compare the present result with that
from the s12-like scaling for the γp→ φp process in Ref.
[33] where the number of gluons in the hadrons and pho-
ton are counted more to give n = 14. The difference
of the counting numbers between the present work and
Ref. [33] leads to the different energy region expected to
scale; i.e., the expected energy region the scaling appear-
ing in Ref. [33] is below
√
s ≃ 3 GeV, whereas our model
predicts the scaling to start above 3 GeV.
In summary, we investigated the γp → φp reaction
process with our interest in the possible role of the σ
exchange as the natural parity in the low energy region.
Total, differential, and the scaled cross sections are repro-
duced by the σ + π + f2 Regge poles on the basis of the
background contribution from the Pomeron exchange up
to
√
s = 100 GeV. The role of the σ exchange in addition
to the π, f2, and the Pomeron exchanges is illustrated to
account for the small peak near the threshold in the to-
tal cross section and the bump structure apparent in the
differential as well as the scaled differential cross section.
In this respect, the σ exchange is an important ingredi-
ent to understand the production mechanism through the
successful description of the observables we have demon-
strated in the present work.
With its role in the large −t and energy by the new
trajectory arising from the axial-charge distribution of
the QCD vacuum, the exchange of the axial vector me-
son f1 is exploited to clarify the scaling above
√
s ≃ 3
GeV in the scaled cross section. In that region, where
quarks and gluons are expected to be involved, the re-
sult is positive to our expectation, i.e., the QCD effect
through the exchange of the f1 trajectory specialized to
the QCD vacuum via the axial anomaly.
Viewed from the possibility of different powers of sn−2
as well as the special role of the f1 related to the QCD
vacuum via the axial anomaly, these findings in the scal-
ing, in particular, would deserve focus on the high-energy
photon-beam experiment to explore the quark-gluon dy-
namics in future experiments, such as the LEPS2 at
SPring-8 and CLAS12 planned at JLab.
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